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Solar chemical composition
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Golden rules

The temperature in the inner core of a star increases only as a
consequence of the gravitational contraction

According to the Virial theorem, a fraction of the energy gained by the contraction leads to
the increase of the temperature while the remaining part is lost outward (the Luminosity)

1
Log(T) o Log(u°M?) + S Log(p)

Hydrostatic equilibrium + EOS (Perfect Gas + radiation)

+ radiative equilibrium (valid in self regulating conditions)
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The P-P chain

4p —4 He [26.73 MeV] Ex e = 6.44 x 108 erg g~ Energy .released by an E.arthquake of
magnitudo 5 on the Richter scale
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CNO cycle
T>20MK p~1-10 [gr cm™’]
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NeNa & MgAl (chains or cycles?)
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NeNa & MgAl (chains or cycles?)

lllll

NeNa

Fig. 12. Fractional contributions to the reaction rate of *Na
(p, 7)24Mg, as a function of temperature, see text for details.
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NeNa & MgAl (chains or cycles?)

T >55 MK

Gratton+, A&A Rev. 27,8 (2019)

0 0.1 02 03 04 -05 0 05 1 -02 O 02 04-1 -05 0 0.5
[CN/Fe] [si/Fe] [al/Fe] [Mg/Fe] [0/Fe]

Fig.2 Run of abundance ratios for light elements in RGB stars in NGC 2808. O, Na, Si, and Mg are from
Carretta (2015), Al and CN abundances from Carretta et al. (2018). The figure is adapted from the invited
review by Carretta (2016)
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M<1.3 Mo
Radiative core
PP chain

M>1.3 Mg
convective core
CNO cycle




Central H exhaustion

monotonic family of stars

M<1.3 Mg M>13 Mg
Radiative core convective core
PP chain CNO cycle

mantle
mantle

H shell

H shell
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Convective envelope

—~ H rich mantle

Stars less massive than, roughly, 2.3M, ignite He off-center
when the He core reaches a value ~ 0.5M
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All stars are able to lift the electron degeneracy because:

Energy required to lift the degeneracy at Log,,(p)=6 =>5 10%? [erg/cm?]

nergy provided by the 3a at Log,,(p)=6 => 8 1023 [erg/cm?]
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He burning

The key parameter that drives the evolution in He
burning is the He core mass and NOT the total mass

Central He burning always occurs in a convective environment

3a —1* C 2C(a,v)'*0

M(He) (at the He ignition)

mantle

M(He) (at Hc=0)

H burning shell

He core




He burning

The key parameter that drives the evolution in He
burning is the He core mass and NOT the total mass

Central He burning always occurs in a convective environment
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He core

He burning

The key parameter that drives the evolution in He
burning is the He core mass and NOT the total mass

Central He burning always occurs in a convective environment

T~15-35-10K p~02—4-10° gem™?
AM = 4 x 4.0026 — 15.9949 = 0.015 MeV  E,,. = 8.70 - 10" erg/g
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20(0, )00

81 82 83 84 85 86 87 88 89
Logyo(T)[K]

9



He burning

The key parameter that drives the evolution in He
burning is the He core mass and NOT the total mass

Central He burning always occurs in a convective environment

T~15-35-10K p~02—4-10° gcm ™3
AN AM = 4 x 4.0026 — 15.9949 = 0.015 MeV  E,,. = 8.70 - 10" erg/g
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He burning

The key parameter that drives the evolution in He
burning is the He core mass and NOT the total mass

Central He burning always occurs in a convective environment
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He burning

At the central He exhaustion we do not have any more a monoparametric family of stars but a Bi-parametric family.

In fact from now on there are two leading parameters that drive the further evolution of each star:

the CO core mass and the amount of C left by the He burning.
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He burning

At the central He exhaustion we do not have any more a monoparametric family of stars but a Bi-parametric family.

In fact from now on there are two leading parameters that drive the further evolution of each star:
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Let us discuss the advanced phases of massive stars first

EVOLUTION OF MASSIVE STARS

R. J. TAYLER*
Princeton University Observatory
Received March 15, 1954

ABSTRACT

The evolution is considered of massive stars with opacity due to electron scattering. As the stars
evolve, the convective core retreats, and a zone of continuously varying composition is set up between
the core and the envelope. Ten models have been obtained with core hydrogen content changing from
100 to 6 per cent. The evolutionary tracks of the models have been plotted in the H-R diagram. It is
found that, although the individual tracks are very different from those found by other authors, the H-R
diagram for stars of different masses but of the same age exhibits the well-known “knee,” which occurs at
the point of 11 per cent over-all reduction of hydrogen content.

I. INTRODUCTION

The course of stellar evolution is largely determined by the existence or nonexistence
of general mixing currents in stellar interiors. If there are efficient mixing currents, a star
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*Mg(p,v)*°Al(B1)* Mg
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C burning

ZBNa(p,y)**Mg

20Ne(a,y)**Mge®

® 23Na(p,a)°Ne
o 12c(12c'p)23Na

[ ] 12c(12c’a)20Ne
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Cumulative nuclear energy generation rate normalized to the total







Massive Stars: Carbon Burning

30 Mg
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M=80 M, t = E / L(106)

H=>He

He=>C

C=>Ne

O=>Si

Si=>N

6.44 108 erg grt

5.84 10 erg gr!

1.85 10 erg gr!

2.89 10Y erg grt

1.88 10 erg gr!

L => total luminosity: L +L,

Mcc E:::ar:ﬁ::d Iifl::iz:e ﬁ::tiir: Lror
60 6 106 106
20 210° 106
1.5 |4.5103 107

1 4.8 103 1011
1 3.1103 1012
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Ne burning

5Mg(a,n)?8Si
. .
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Cumulative nuclear energy generation rate normalized to the total
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O burning
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The advanced burning

M:15.0

convective envelope




The final compactness

Compactness parameter f
(O’ Connor & Ott 2011, ApJ 730,70)

M(Mg)

% = 107 km)
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Beyond the O burning matter approaches progressively the Nuclear Statistical Equilibrium

At the central O exhaustion=> 7 ~ 2.5-10° K

direct reverse
i+k—=j+1 j+l—=i+k
Qik [MeV]

<ov>5 X <OV > e 008 T

Rix ~ R

To quantify how close a pair of processes is to the equilibrium let us define a parameter ¢:

T3y — L
J J

1,j) =
4,0( ) max(rij, I‘ji)

@ — 0 full equilibrium
obviously
@ — 1 no equilibrium



Beyond O burning...the path

towards the Nuclear Startistical Equilibrium
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Nuclear Statistical Equilibrium

At T>5 GK full equilibrium between direct and reverse processes

(N,Z) = Zp+ Nn

3
2

3/2 2 A
- A—1 (AmpkT 2 neA [ 2mH _ Q(zn)
Yi(z,N) = w(z,n) (pNa) < onh2 ) ypyn2 mpkT e kT

. 1 _ Qzn)
Yi(Z,N) = f(AaTvp)Ypyge =
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Nuclear Statistical Equilibrium
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Total amount of energy released by the 53
gravitational collapse amounts to, roughly: E = ]- . 6 ]- 0 erg

—— 2D (thin)
—— 3D (thick)
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Burrows+ (2019) MNRAS 485, 3168t — bounce [S]
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Total amount of energy released by the 53
gravitational collapse amounts to, roughly: E = ]- . 6 ]- 0 erg

p—kﬂe—>n+e4r
n+ve —>p+e

P+te —n-+ e
n+e+—>p+17,e

50 100

200 km

Table 2. For the runs presented in this paper, the mean shock radius (in
units of 1000 kilometres) and mean shock speed (in units of 1000 km s7h
at the end of each simulation. Note that the shock is still stalled at the end
of the simulation only for the 2D and 3D 13-M ) models.

t (final) Mean shock radius Mean shock speed
(s) (1000 km) (1000km s~1)

$9.0-2D 1.41 15.24 14.19
$9.0-3D 1.042 12.42 16.29
s10.0-2D 1.41 7.70 10.62
s10.0-3D 0.767 1.96 6.65
s11.0-2D 1.41 9.18 7.41
s11.0-3D 0.568 2 8.00
s12.0-2D 1.41 8.72 8.08
s12.0-3D 0.694 2.66 6.85
s13.0-2D 1.311 0.06 0.067
s13.0-3D 0.674 0.09 0.048

Burrows+ (2019) MNRAS 485, 3168
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o CNex burning
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Production Factors produced by a generation of massive stars:
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Critical masses (model dependent)

H ignition (4P => “He)

He ignition (off center, degenerate)

He ignition (central, not degenerate)

C ignition (off center, degenerate)

Cignition (central, not degenerate)

Ne ignition (off center)

Ne ignition (central)

EOS dominated by e*-e” pairs ( '<4/3)

Low mass stars:
RGB
He white dwarfs

Intermediate mass stars:
Thermally Pulsing stars
CO white dwarfs
CONe white dwarfs
ONe white dwarfs
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